The USDA Agricultural Research Service (ARS) Cropland Conservation Effects Assessment Project (CEAP) was initiated in 2003 to scientifically evaluate the effectiveness of Natural Resources Conservation Service (NRCS) conservation practices because of their increasing public cost (Karlen 2008; Richardson et al. 2008 ). Soil quality (SQ) assessments were incorporated into the ARS Cropland CEAP in 2006 based on a National Research Council (NRC 1993) recommendation that soil quality and water quality impacts be quantified when evaluating effectiveness of NRCS conservation programs.
This SQ assessment at ARS cropland CEAP sites followed more than a decade of SQ research (Karlen et al. 2008a ) that was inspired by Alexander (1971) and Warkentin and Fletcher (1977) who stated that multifactor assessment protocols were needed to assess soil health/quality (Karlen et al. 2003) . Initiation of SQ research also coincided with an increased emphasis on sustainable agriculture during the mid-to late 1980s (NRC 1989 ) that brought public attention to the increasing degradation of soil resources and the implication of those changes for environmental health. These efforts were not limited to the United States as evidenced by the Canadian Soil Quality Evaluation Program, one of the first national efforts focused specifically on SQ assessment (CCME 1999) . As discussion and general interest in SQ and soil health spread worldwide (Karlen et al. 1997 (Karlen et al. , 2001 , questions began to be raised regarding the sustainability of many soil and crop management decisions (Pesek 1994) .
In response to those questions, the NRCS adopted the soil conditioning index (SCI) as one factor for determining eligibility for the USDA Conservation Security Program and the Environmental Quality Incentives Program funds following passage of the 2002 Farm Bill. Their justification was that if only one indicator could be used to evaluate SQ, soil organic matter would be the best choice because of the multitude of soil physical, chemical, and biological properties and processes it influences (USDA NRCS 2003) . However, comparisons between the SCI and Soil Management Assessment Framework (SMAF) indices for semiarid soils indicated the SCI was not well correlated with total soil carbon (C) (Zobeck et al. 2008) .
We used the SMAF, as described by Andrews et al. (2004) , to assess SQ effects within five cropland CEAP watersheds. The SMAF provides a framework for evaluating biological, chemical, and physical indicators of SQ (soil health) and, if desired, combining the ratings into an overall assessment of dynamic soil quality (Andrews et al. 2002a (Andrews et al. , 2002b (Andrews et al. , 2004 . The SMAF emphasizes a dynamic view of soil quality which involves detecting soil response to current or recent management decisions in contrast to inherent soil quality which is determined by basic soil forming factors and is relatively unresponsive to recent soil and crop management practices. Soil Management Assessment Framework scoring curves or interpretation algorithms have been developed for 13 indicators including the quantity of water-stable macroaggregate (WSA), plant-available water holding capacity, water-filled pore space, bulk density (BD), electrical conductivity (EC), pH, sodium adsorption ratio, Mehlich III extractable (soil-test) phosphorus (P) and potassium (K), soil organic carbon (SOC), microbial biomass carbon (MBC), potentially mineralizable nitrogen (PMN), and β-glucosidase (BG) activity (Andrews et al. 2004; Wienhold et al. 2009; Stott et al. 2010) . However, as few as five SQ indicators can be used to provide useful soil and crop management assessments (Karlen et al. 2008a) provided biological, chemical, and physical properties and processes affecting soil health are represented in the analysis.
General characteristics of the five cropland CEAP watersheds for which this SQ assessment was conducted are summarized in table 1. Other features of each experimental watershed (WS) follow:
1. The South Fork (SF) of the Iowa River in north-central Iowa, represents relatively young landscapes, developed in glacial till with poorly dissected and internally drained prairie potholes and hydric soils occupying 54% of the WS area.
The SF WS has several swine confinement facilities which provide manure as a component of many nutrient management plans and has numerous subsurface tile drains and ditches, some that were first installed more than 100 years ago. This extensive drainage network not only helps increase crop production, but also accelerates transport of excess soil water with dissolved contaminants that can lead to impaired water quality.
The Walnut Creek (WC) WS near
Ames in central Iowa, represents a smaller intensive agricultural landscape, also developed in glacial till on the Des Moines Lobe with a gently rolling and poorly drained topography. About 60% of the area is tile drained, but there are few animal operations in this WS. 3. The Cedar Creek (CC) WS is located within the St. Joseph River watershed in northeastern Indiana. The landscape is dominated by closed depressions that require extensive surface drainage for successful corn (Zea mays L.) and soybean (Glycine max L.) production. 4. The Mark Twain (MT) WS is part of the Salt River basin located in northeastern Missouri. The basin has flat to gently rolling topography with soils that generally possess a shallow claypan which restricts vertical movement of water, and thus increases surface runoff and subsurface lateral water flow. There is very little tile drainage in this WS. 5. The Upper Big Walnut Creek (UBWC) WS located in central Ohio, was selected because the area is also extensively tile drained, and this WS drains into a reservoir that provides domestic water for Columbus and surrounding communities. Our objectives for this study were to (1) evaluate several SQ indicators within five ARS experimental watersheds and (2) determine if those indicators were affected by location, manure application within the past year, tillage practice or crop rotation.
Methods and Materials
Sampling Protocol. The five WS were sampled following grain harvest in 2006 (SF and WC), 2007 (CC), and 2008 . A total of 600 soil samples from 0 to 5 cm (0 to 2 in) and another 398 samples from 5 to 15 cm (2 to 6 in) were collected from multiple locations within each WS. The spatial sampling design within each WS was different as illustrated by Stott et al. (2011 Stott et al. ( , 2013 because the specific SQ assessment questions being asked were different. For example, there were no samples for the 5 to 15 cm (2 to 6 in) depth within the SF WS. The only requirement for all cropland CEAP WS was that at least half of the samples were to be taken from the 0 to 5 cm (0 to 2 in) depth increment because fiscal resources used to support this multilocation endeavor originated within the ARS Global Climate Change National Program. Therefore, in addition to meeting the CEAP SQ assessment goals, this study also provided data for use in ARS global climate change modeling and assessment projects.
Available human and fiscal resources thus limited the total number of samples that could be processed for each watershed to an average of 250. Therefore, local research teams had to decide whether collecting samples from only the 0 to 5 cm (0 to 2 in) depth would be more or less informative for the questions they were asking than having half as many sampling sites, but two depth increments.
Metadata from each WS was used to identify sites that were representative of (1) areas receiving manure (M) on an annual or biannual basis; (2) conventional or reduced tillage versus no-tillage (T); and (3) one of five general crop rotations ([CR] i.e., continuous corn, corn-soybean, corn-soybean-wheat [Triticum aestivum L.], soybean-soybean-other crop or forage-based). The cross-location SQ indicator assessment project was superimposed on the combined dataset, which was compiled using data collected to help answer each set of WS specific questions. Although, the inconsistency in sampling strategies among the five WS pose some statistical challenges, we are confident this multilocation study will provide useful information regarding how various SQ indicators are affected by soil and crop management practices.
At each sampling site, 20 soil cores (3.2 cm [1.25 in] diameter) were collected within a 3 m (10 ft) radius of a global positioning system (GPS)-specified sampling point from the 0 to 5 cm (0 to 2 in) depth. Also, except for the SF WS, samples were taken from the 5 to 15 cm (2 to 6 in) depth. Surface residues were cleared from each sampling point so that collection began at the mineral soil surface. All soil from each sampling site and depth increment was placed in plastic bag that was sealed and transported back to the laboratory before weighing, mixing, and taking a 100 g (3.5 oz) subsample that was dried at 105°C (221°F) to determine soil water content. The total field-moist weight per composite sample was adjusted to a dry weight and divided by the volume associated with the 20 soil cores to estimate BD (Grossman and Reinsch 2002) . Each sample was passed through an 8 mm (0.35 in) sieve to remove rocks and plant material larger than the mesh openings. The weight of removed material was recorded. A representative 150 g (5.3 oz) subsample was removed, placed in a plastic bag, and stored at 4°C (39.2°F) for soil MBC determination. Another representative portion was hand sieved to pass a 2 mm (0.07 in) sieve, air-dried, and stored at 4°C (39.2°F) until used for determining PMN. The remainder of the sample was airdried, ground to pass a 2 mm sieve, bagged, and stored at 4°C (39.2°F).
Soil Assays. The quantity of WSA was determined using a modified Yoder sieving machine set to 30 strokes per minute for 5 minutes (Kemper and Roseneau 1986) . Twenty-five grams of 8 mm (0.35 in) sieved, air-dried soil was placed on top of a nest of four sieves with openings of 2, 1, 0.5, and 0.25 mm (0.35, 0.04, 0.02, and 0.01 in) (sieve numbers 10, 18, 35, 60, respectively), and physical disruption of the aggregates was carried out in deionized water to limit Table 1 General characteristics of five midwestern United States cropland Conservation Effects Assessment Project watersheds where soil quality indicator comparisons were made.
Upper Big Descriptor
South Fork Walnut Creek Cedar Creek Mark Twain Walnut Creek (Whitney 1998 ) and pH (Watson and Brown 1998) were determined with standard meters using 20 g (0.7 oz) of air dried 2 mm (0.35 in) sieved soil mixed in a 1:1 soil-to-water ratio.
Mehlich III extractable (Mehlich 1984 ) P and K concentrations were determined using an inductively coupled plasma-atomic emission spectrograph (ICP-OES) (Optima 5300 DV 1 , Perkin-Elmer, Shelton, Connecticut).
Total soil C was measured by dry combustion (EA1112 Flash NC Elemental analyzer, Thermo Finnegan Scientific Inc., Waltham, Massachusetts) using air-dried, ground soil. For samples with a pH of 7.3 or greater, soil inorganic C was quantified according to the method of Sherrod et al. (2002) . Soil organic C was calculated as the difference between total and inorganic C. Microbial biomass C was determined using 8 mm (0.35 in) sieved field-moist samples with standard soil fumigation and chemical extractions (Brookes et al. 1985; Vance et al. 1987) . Potentially mineralizable N was measured using an aerobic 28-day incubation method described by Drinkwater et al. (1996) with mineral N [(NO 2 + NO 3 ) + NH 4 ] determined colorimetrically using a flow injection system (Lachat Instruments, Milwaukee, Wisconsin). β-glucosidase activity was determined using the method of Eivazi and Tabatabai (1988) and expressed as mg p-nitrophenol (pnp) released per kilogram of soil per hour of incubation.
Soil Management Assessment Framework. Ten SQ indicators (BD, WSA, pH, EC, soil-test P and K, SOC, MBC, PMN, and BG activity) were used to calculate a soil quality index using the SMAF. Each measured indicator was scored using an Excel spreadsheet that is available from the corresponding author. The spreadsheet contains scoring curves that were developed for each potential indicator based on soil taxonomy, texture, typical temperature and rainfall regimes for the sampling area, mineralogy, slope, season samples were collected, dominant crop, and selected methods of P and EC analysis as previously published (Andrews et al. 2004; Wienhold et al. 2009; Stott et al. 2010) . After obtaining individual indicator scores, a combined SQI was calculated by summing the scores, multiplying by 100, and dividing by the number of measurements for each assessment. The overall SQI was also subdivided into physical (BD + WSA), chemical (pH and EC), biological (SOC, MBC, PMN, and BG activity) and nutrient indices (soil-test P and K) using subsets of the scored indicator data. This approach identifies the management areas of greatest concern (i.e., lowest index scores) so that land managers can be given better guidance on how to most efficiently restore or improve soil health at that specific location (Stott et al. 2010) .
Statistical Analysis. Indicator measurements, SMAF scores, and overall SQI values were analyzed using SAS version 9.2 (SAS Institute, Cary, North Carolina). An analysis of variance (ANOVA) was computed using PROC GLM to determine if there were significant differences due to WS location, manure (M) application history, tillage (T) practice, or crop rotation (CR). The data were also analyzed to determine if there were significant WS-M, WS-T, or WS-CR interactions. Finally, if the ANOVA f-test was significant, a Bonferroni Minimum Significant Difference (MSD) at p = 0.05 was computed for mean separation.
Results and Discussion
Watershed Characteristics. Among the five cropland CEAP watersheds, clay content (table 1) was lowest in samples collected from both depths within the UBWC WS in Ohio. The highest levels were found in samples from WC in Iowa and CC in Indiana, where more samples had clay, clay loam, or loam textures. Samples from the MT WS, which is located in the claypan region of Missouri, had an intermediate clay content at both depths, although the 0 to 5 cm (0 to 2 in) samples were similar to those within the SF WS. With regard to SQ assessment, clay content as well as factors such as profile depth, slope, parent material, and mean annual rainfall are considered to be indicators of inherent SQ (Karlen et al. 2001 (Karlen et al. , 2008a . Those factors are captured in traditional soil capability ratings but also influence dynamic or temporal soil quality indicator ranges, and are thus reflected in the scoring curves (Andrews et al. 2004; Wienhold et al. 2009 ) developed for interpreting SQ indicator measurements.
Indicator Differences Among Watersheds. The overall ANOVA results (table 2) show that, except for SOC at both sampling depths, or MBC and BG within the 5 to 15 cm (2 to 6 in) increment, all measured SQ indicators showed significant WS differences. This was not a surprise since the CEAP WS were selected to represent a variety of landscapes with different soils, cropping systems, and animal operation intensities (i.e., availability of animal manure) as shown in table 1. The lack of significant differences in SOC is also consistent with many other soil C studies (Johnson et al. 2014) presumably because of the variation in SOC encountered in many midwestern United States soils. This hypothesis appears to be confirmed by mean SOC data presented in table 3. Even though an 11 g kg -1 (1.1%) difference in SOC was measured in surface within the 0 to 5 cm (0 to 2 in) samples and a 13 g kg -1 (1.3%) difference was measured among the watersheds within the 5 to 15 cm (2 to 6 in) depth increment, WS differences were not statistically significant at p ≤ 0.05. Similar SOC differences (i.e., 9 to 11 g kg -1 ) were noted among the five CR, but again those differences were not significant.
The SMAF, which normalizes indicator data using scoring curves (Andrews et al. 2004 ), helps overcome the spatial variation illustrated above. For example, the overall ANOVA for SMAF scores (table 4) show that except for surface soil-test P, all indicator scores and overall SQI values for both sampling depths within the five watersheds were significantly different at (p ≤ 0.05). Furthermore, SOC scored values for the CR showed statistically significant differences. Both the WS and CR responses can be seen in table 5, which shows that scored values for the five WS ranged from 0.61 to 0.97 while among the five CR they ranged from 0.65 to 0.86.
Among the 10 soil quality indicators, BG had the lowest scores at both depth increments (table 5). The scoring curve for this indicator was developed with long-term no-till or pasture data from similar soils to set the upper end of the curve (Stott et al. 2010) and from long-term conventionally tilled (moldboard plow) systems to define the lower end. Low scores indicate that less of this vital enzyme, which is involved in cellulose degradation, is being produced, but at this time we lack knowledge as to when these levels fall below a threshold where residue and root decomposition would be impeded enough to impact critical soil functions.
Bulk density in the surface increment was highest in samples from WC and MT WS (table 3) , presumably reflecting higher clay content at WC and clay-pan morphology within the MT WS. For BD, SOC, MBC, and BG, the 5 to 15 cm (2 to 6 in) samples had substantially lower scores (table 4) than for the 0 to 5 cm (0 to 2 in) increment. Presumably, the latter three indicators reflect long-term SOC loss when compared to inherent or potential levels reflected in the SMAF scoring curves (Andrews et al. 2004) . Similarly, lower BD scores reflect the higher measured values which suggest that subsurface compaction may be an emerging soil health concern.
Mehlich III extractable P and K values (table 3) and scores (table 5) were lower in the 5 to 15 cm (2 to 6 in) samples than in the 0 to 5 cm (0 to 2 in) increment within the four watersheds where both depths were evaluated. Measured and scored values for the remaining four indicators (WSA, PMN, pH, and EC) also showed significant WS differences, but none of them would be considered limiting for crop production.
The overall SQI values within the 0 to 5 cm (0 to 2 in) depth indicated soils within all five WS were functioning at between 78% and 92% of their potential which is consistent with other midwestern SQ assessment studies (Karlen et al. 2006 (Karlen et al. , 2008a (Karlen et al. , 2008b . Similarly, soils from the 5 to 15 cm (2 to 6 in) depth increment within the four sampled WS were functioning at between 63% and 80% of their potential for crop production. Examining component indices for physical, chemical, biological, or nutrient processes (data not presented), rankings in the 0 to 5 cm (0 to Table 2 Overall analysis of variance test (ANOVA) results for measured soil quality indicator data from the 0 to 5 cm and 5 to 15 cm depth increments within five midwestern cropland Conservation Effects Assessment Project watersheds.
Clay
SOC WSA MBC P K BD EC BG (mg pnp PMN Factor (g kg -1 ) (g kg -1 ) (g kg -1 ) (µg g -1 ) pH (mg kg -1 ) (mg kg -1 ) (g cm -3 ) (ds m -1 ) kg -1 soil h -1 ) (mg g -1 ) 0 to 5 cm depth Watershed ( 2 in) increment were biological < physical < chemical < nutrient functions. This presumably reflects the attention given to soil fertility within these agricultural WS. Within the 5 to 15 cm (2 to 6 in) increment, however, the component SQI rankings (values not presented) were biological < nutrient = physical < chemical fraction. This presumably reflects lower soil-test P and K values and potential soil compaction and/or soil pH problems at the lower sampling depth. Indicator Response to Manure. Table 2 shows significant difference due to M application within the past one or two years only for WSA, BD, and BG in the surface samples and for BD in the 5 to 15 cm (2 to 6 in) samples. The quantity of WSA was significantly lower in 0 to 5 cm (0 to 2 in) samples from sites with a history of M application, but based on metadata comments indicating M was generally applied to lighter texture soils, the WSA response may have been due to lower clay content.
Although differences were not significant, Mehlich III soil-test P concentrations in the 0 to 5 cm (0 to 2 in) samples were more than 30% higher in samples from fields that had recently received M applications (table 3) . In contrast to this assessment, previous SQ samplings within the SF WS (Karlen et al. 2008b ) had shown significant manure appli-cation effects within the 0 to 20 cm (0 to 8 in) plow layer. Table 4 shows that M application had significant effects on SOC and BD scores (table  5) and SQI values (table 3) within the 0 to 5 cm (0 to 2 in) depth increment and on soil-test K scores (table 5) within the 5 to 15 cm (2 to 6 in) increment. However, sites receiving M within the two years of sample collection actually had lower SOC scores and higher BD scores within the 0 to 5 cm increment and lower soil-test K concentrations and K scores within the 5 to 15 cm increment (all indicating a lower SQ). The SQI values, although significantly different indicated the soils were functioning at 83% or 84% of their inherent potential with or without recent M application.
Indicator Response to Tillage. Table 2 shows highly significant (p ≤ 0.01) T effects on EC values within the 0 to 5 cm (0 to 2 in) increment and significant (p ≤ 0.05) EC differences in the 5 to 15 cm (2 to 6 in) increment. This may have been caused by mixing of residual fertilizer salts or subsurface carbonates during T operations since measured EC values (table 3) within both depth increments were higher in tilled than nontilled soils. Within the 5 to 15 cm increment, WSA and PMN values (table 3) were greater in nontilled samples, presumably due to less soil structure disturbance and subsequent oxidation of labile organic materials. Table 4 shows significant differences for WSA, EC, and BG within the 0 to 5 cm (0 to 2 in) increment and for SOC, BD, and BG within the 5 to 15 cm (2 to 6 in) increment. Electrical conductivity scores were higher in tilled samples from both depth increments, so if T mixing discussed above occurred, it did not appear to have a negative soil health impact. β-glucosidase scores for both depth increments were higher for nontilled samples, perhaps reflecting the numerically higher BG level (table 3) within the 0 to 5 cm increment of nontilled soils. Overall, T had no significant on the average SQI with the 0 to 5 cm increment functioning at 83% to 86% of its potential and the 5 to 15 cm increment functioning at 70% to 72% of its potential (table 3) .
Crop Rotation Effects on Soil Quality Indicators. With the exception of SOC, pH, and soil-test K, significant CR differences were measured within the 0 to 5 cm (0 to 2 in) increment (tables 2 and 3). Similarly, significant CR effects were detected within the 5 to 15 cm (2 to 6 in) increment for indicators other than SOC, pH, and BD. Continuous corn had the lowest quantity of WSA and highest soil-test P and EC values (table 3) in the 0 to 5 cm increment. When normalized through the scoring functions, CR effects on Table 3 Mean soil quality indicator and overall soil quality index values for soil samples collected from the 0 to 5 cm and 5 to 15 cm depth increments at sites with different manure, tillage, or crop rotation histories within five midwestern cropland Conservation Effects Assessment Project watersheds.
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WSA MBC P K BD EC BG (Mg pnp PMN Factor (g kg -1 ) (g kg -1 ) (µg g -1 ) pH (mg kg -1 ) (mg kg -1 ) (g cm -3 ) (ds m -1 ) kg -1 soil h -1 ) (mg g -1 ) SQI Table 4 Overall analysis of variance test (ANOVA) results for the Soil Management Assessment Framework indicator scores and index value within the 0 to 5 cm and 5 to 15 cm depth increments of five midwestern cropland Conservation Effects Assessment Project watersheds. Notes: SOC = soil organic carbon. WSA = Water stable macroaggregates (g kg -1 ). MBC = Microbial Biomass Carbon (µg g -1 ). P = soil-test phosphorus (mg kg -1 ). K = soil test potassium (mg kg -1 ). BD = bulk density (g cm -3 ). EC = electrical conductivity (ds m -1 ). BG = β-glucosidase (mg pnp kg -1 soil h -1 ). PMN = potentially mineralizable N (mg g -1 ). SQI = soil quality index.
*p < 0.10 **p < 0.05 ***p < 0.01 soil-test P, EC, and PMN within the 0 to 5 cm increment were not significantly different (table 4) , but SOC and soil-test K differences were significant at p ≤ 0.01. The overall ANOVA (table 4) showed that CR significantly affected SQI ratings, but all five systems were functioning at between 82% and 89% or from 70% to 74% of their potential within the 0 to 5 cm (0 to 2 in) or 5 to 15 cm (2 to 6 in) increment, respectively (table 3) . Continuous corn had one of the lower SQI ratings within both sampling depths, while forage-based rotations were among the highest. This is consistent with previous midwestern SQ studies (Karlen et al. 2008b ) and agrees with similar cropping system and manure application studies on other claypan soils in Missouri (Veum et al. 2014) . They reported that perennial vegetation (i.e., native prairie, restored prairie or timothy [Phleum pretense]) sites had the highest SMAF indices (0.94 to 0.98), followed by no-till and conventionally tilled crop production treatments. Within the five cropland CEAP WS evaluated for this study, soils from the 0 to 5 cm (0 to 2 in) depth were functioning at 89% of their potential.
Summary and Conclusions
The objectives for this study were to (1) evaluate several SQ indicators within five ARS experimental watersheds and (2) determine if those indicators were affected by WS location, M application within the past year, T practice, or CR. Detecting significant SOC changes was difficult because of high variability among the sampling sites, but using SMAF scoring curves to normalize the data and help interpret the measurements did result in statistically significant differences due to WS location and CR. Several other SQ indicators showed significant WS differences. Only a few of the indicators showed significant M or T effects, presumably because the varied sampling designs resulted in substantial inequality in the number of samples being compared in those groups. Among the five CR treatments, continuous corn generally had lower SQI values than forage-based systems. Finally, although the ARS CEAP WS provide a moderately controlled example, we conclude that watershed-scale monitoring of SQ is feasible and suggest its assessment can be used to monitor soil health and/or conservation practices. The next step for long-term soil quality/health assessments within these and similar midwestern watersheds will be to use this initial sampling as a baseline for comparisons with future assessments conducted every three, five, or even ten years. This could be implemented through existing NRCS conservation programs by working with soil-testing and crop consulting groups to monitor effectiveness of these and other conservation programs within cropland watersheds such as the five sampled for this study.
Disclaimer
Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the USDA. Table 5 Mean Soil Management Assessment Framework scores for soil quality indicators measured using samples from the 0 to 5 cm and 5 to 15 cm depth increments at sites with different manure, tillage, or crop rotation histories within five midwestern cropland Conservation Effects Assessment Project watersheds. 
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